Neural crest cells are essential for proper development of a variety of tissues and structures, including peripheral and autonomic nervous systems, facial skeleton, aortic arches and pharyngeal glands like the thymus and parathyroids. Previous work has shown that bone morphogenic protein (BMP) signalling is required for the production of migratory neural crest cells that contribute to the neurogenic and skeletogenic lineages. We show here that BMP-dependent neural crest cells are also required for development of the embryonic aortic arches and pharynx-derived glands. Blocking formation or migration of this crest cell population from the caudal hindbrain resulted in strong phenotypes in the cardiac outflow tract and the thymus. Thymic aplasia or hypoplasia occurs despite uncompromised gene induction in the pharyngeal endoderm. In addition, when hypoplastic thymic tissue is found, it is ectopically located, but functional in thymopoiesis. Our data indicate that thymic phenotypes produced by neural crest deficits result from aberrant formation of pharyngeal pouches and impaired migration of thymic primordia because the mesenchymal content in the branchial arches is below a threshold level. q
Introduction
Neural crest cells are essential for vertebrate development (Le Douarin and Kalcheim, 1999) . They originate from the dorsal aspect of the neural tube in the areas where it touches the surface ectoderm. From there, crest cells delaminate and migrate lateroventrally to populate a variety of embryonic areas where they differentiate into many different cell types and tissues. These include pigment cells, most of the peripheral and autonomic nervous systems, and the facial skeleton (Le Douarin and Kalcheim, 1999) . They also contribute to the teeth and aortic arches, and participate in the formation of pharyngeal glands like the thymus and parathyroids (Kirby et al., 1983; Bockman and Kirby, 1984; Le Douarin and Kalcheim, 1999) .
While crest cells are produced all along the rostro-caudal axis of the embryo, cells originating at different axial levels seem to be unequal regarding their differentiation potentials. For instance, while neural crest cells originating at the cranial level are responsible for the formation of the facial skeleton (Couly et al., 1993) , their caudal counterparts are unable to contribute to these mesenchymal tissues when grafted heterotopically into the cranial region (Nakamura and Ayer-Le Lievre, 1982) . Also, cardiac neural crest cannot be replaced by neural crest originating from more rostral or caudal axial levels in their contribution to the development of the heart outflow tract (Kirby, 1989) . However, although these regional specificities have been known for years, their molecular bases are still largely unknown.
Over the last years, the molecular mechanisms of neural crest induction have been extensively investigated. All these experiments show that neural crest induction requires a complex interplay between different signalling systems that include most of the major signalling families, like FGFs, bone morphogenic proteins (BMPs), Notch, and Wnts (Liem et al., 1995; Ikeya et al., 1997; LaBonne and Bronner-Fraser, 1998; Kanzler et al., 2000; Endo et al., 2002; Villanueva et al., 2002) . In most of these experiments, the analyses were performed at early stages after induction, but the impact of these induction processes on the production of specific subsets of neural crest cells has rarely been addressed. However, this is an important issue considering the different potentials displayed by neural crest cells originating at different axial levels, as some of these differences could originate from specific induction processes. This possibility is interesting considering that similar signalling systems have been shown to play important roles in the differentiation of postmigratory crest cells (Anderson, 1997; Morrison et al., 2000) . Moreover, the activity of several factors shown to be involved during early neural crest development seems to be different when analysed at different rostro-caudal levels (Nieto, 2001 ) and in different animal systems.
BMP signalling plays an essential role in the early steps of neural crest development, both in mouse and chicken embryos (Liem et al., 1995; Sela-Donenfeld and Kalcheim, 1999; Kanzler et al., 2000) . Phenotypic studies in the mouse have shown that BMP signals are required to produce cranial neural crest cells of the skeletogenic and neurogenic lineages (Kanzler et al., 2000) . Here we show that BMPdependent neural crest cells are also required for heart outflow tract development in the mouse. These cells are also required for the formation of pharyngeal glands, most particularly the thymus. In addition, we evaluate why the absence of neural crest cells, which are a very small proportion of thymic cells (Jiang et al., 2000) has such a strong impact in the morphogenesis of this organ.
Results and discussion

Vascular phenotype in B2-NC::noggin transgenics
We recently showed that inhibition of BMP signalling in the premigratory rhombencephalic neural crest blocks either the production or migration of neural crest cells (Kanzler et al., 2000) . This inhibition resulted in the absence of skeletal and neural derivatives from the affected areas. However, whether BMP-dependent neural crest cells are also required for aortic arch and pharyngeal gland development remained to be determined. Expression analysis indicated that the B2-NC::noggin transgene was active in the whole caudal hindbrain including the area where the cardiac neural crest is produced (Kanzler et al., 2000) . Analysis of migratory neural crest in these transgenics revealed a strong reduction of neural crest populating the cardiac area as compared to wild-type littermates (Fig. 1) . This result suggested that BMP-dependent neural crest cells might also contribute to the development of the embryonic aortic arches. Therefore, we analysed the cardiac outflow tract and associated arterial tree of B2-NC::noggin embryos. From 12 transgenics analysed at E18.5, four presented malformations in this area. Importantly, there was a perfect correlation between embryos displaying outflow tract malformations and the presence of abnormal phenotypes in the second and third branchial arch-derived skeleton. This correlation is consistent with the vascular phenotype deriving from a neural crest cell deficiency and with the absence of a phenotype in the rest of the transgenics being the result of insufficient transgene activity. Indeed, similar to what we have described previously (Kanzler et al., 2000) , only transgenic embryos with more than ten copies of the transgene showed a phenotype. It is very probable that the absence of mutant phenotype in transgenic embryos carrying less than ten copies of the transgene results from the low activity of the enhancer used in the transgene's construct because a similar phenomenon was observed when the same enhancer was used to drive the expression of other genes (Kanzler et al., 1998; M. Mallo, unpublished data) . In addition, cDNA expression in those transgenics could only be detected by in situ hybridisation in embryos containing moderate to high transgene copy number.
The cardiac outflow tract phenotypes varied among the specimens. The embryo with the mildest phenotype showed a retroesophagic right subclavian artery (RSA) originating from the descending aorta (not shown), an anatomic variant that was never observed in control embryos. A second embryo presented a retroesophagic RSA combined with strong atresia of the right and left pulmonary arteries (not shown). The other two embryos displayed stronger phenotypes. One of them presented a double aortic arch, one connecting the descending aorta with the pulmonary artery and the other with the ascending aorta ( Fig. 2E-H ). The aortic arch originating from the ascending aorta followed a retroesophagic trajectory (Fig. 2E ). In addition, both carotid arteries arose from the ascending aorta and the subclavian arteries originated abnormally from the descending aorta ( Fig. 2E, F) . The RSA also ran retroesphagically (Fig. 2F ). This embryo also presented atresia of the right and left pulmonary arteries (Fig. 2H) . The other strongly affected embryo ( Fig Pictures shown at the top of the figure correspond to more rostral areas and those at the bottom to more caudal regions. Diagrams of a three dimensional reconstruction of the arterial tree are shown beneath the corresponding sections. The approximate plane of the shown sections is also indicated on the diagrams. A shows the left subclavian artery (LSA), the left carotid artery (LCA) and the right subclavian artery (RSA) as it separates from the right carotid artery (RCA). B shows the brachiocephalic trunk (BC) and the LCA as they emerge from the aortic arch. C shows the right and left pulmonary arteries (RP and LP) as they emerge from the common pulmonary artery (P). D shows the origin of the aorta (Ao), well separated from the right ventricle (RV). E shows the emergence of the RCA from an anomalous retroesophagic aortic arch (AA*). F shows the anomalous emergence of LCA from the ascending Ao, and the anomalous origin of the LSA and of a retroesophagic RSA from a right aortic arch (RAA). G shows the pulmonary artery approaching the dorsal aorta (DAo) to form a RAA. H shows the emergence of stenotic RP and LP arteries. I shows the anomalous RAA and the origin of the retroesophagic RSA; the aorta is starting to split into the two carotids. J shows the emergence of the LSA from the DAo. K shows the origin of the RP and LP arteries. L shows the aorta emerging from the RV and its connection (white arrow) with the pulmonary artery (P) in a persistent truncus arteriosus. F. Note the absence of thymus (Th) in E-L. All sections are oriented with the embryo's back at the top. E, oesophagus; DA, ductus arteriosus; LV, left ventricle. from right ventricle combined with persistence of the truncus arteriosus (Fig. 2L) . The arterial tree contained a right aortic arch connecting the pulmonary trunk with the descending aorta (Fig. 2I, J) . The ascending aorta did not have any contact with this arch and splits into the two carotid arteries (Fig. 2I) . The subclavian arteries originated from the aortic arch and the RSA ran retroesophagically (Fig. 2I,  J) . These results indicate that in the mouse, BMP-dependent neural crest cells are essential for proper development of the cardiac outflow tract and its associated arterial tree.
It has been reported that outflow tract development requires local BMP activity (Allen et al., 2001; Kim et al., 2001) . Therefore, it was important to determine if Xnogginmediated interference with these local signals was responsible, at least in part, for the phenotype observed in our B2-NC::noggin transgenics. Expression analyses seemed to argue against this possibility, as no Xnoggin expression was observed in the branchial area, developing outflow tract or heart of transgenic embryos even after very long developing times (Fig. 3A) . The lack of Xnoggin expression in these areas is likely to reflect the absence of Xnoggin transcripts because at E9.5 the same embryos showed residual Xnoggin expression in the dorsal hindbrain ( Fig. 3B ) (we could not find any expression in older embryos). These results are not surprising because the enhancer used to express Xnoggin is active in the premigratory and migratory neural crest corresponding to r4 and more caudal rhombencephalic areas (Nonchev et al., 1996; Maconochie et al., 1999) and, as the Xnoggin-expressing neural crest cells fail to migrate (Kanzler et al., 2000) , no transgene expression is expected in target neural crest areas. Therefore, it is highly unlikely that the vascular phenotype observed in B2-NC::noggin transgenics resulted from interference with BMP signalling locally in the developing aortic arches.
Pharyngeal gland phenotype in B2-NC::noggin transgenics
In addition to these vascular malformations, affected transgenics showed phenotypic anomalies in caudal pharyngeal derivatives. In particular, thymic development was strongly affected. In two of the above transgenics, no thymic tissue was found and in another a small island of tissue with histological characteristics of a thymus was found unilaterally in the upper part of the neck (not shown). Small ectopic thymic lobes lateral to the larynx, with which they were still connected (Fig. 4A) , were found in the fourth embryo, as well as in a fifth affected transgenic (Fig. 4B) , from which the aortic area was accidentally lost and could not be analysed. In order to determine whether thymus development proceeds normally in these ectopic thymi, we determined the size and distribution of medullary areas. This analysis takes advantage of the fact that medullary islet development critically depends on T cell differentiation at least up to the CD4/CD8-double positive stage (van Ewijk et al., 2000) . The morphological appearance of medullary epithelial islets, visualised by UEA-1 reactivity (Burkly et al., 1995) can thus be used as a convenient assay for normal T cell differentiation. By E16.5, numerous oval-shaped thymic meduallae had formed in the wild-type thymus (Fig. 4C) ; such structures were also present in the ectopic thymic lobes detected in transgenic animals (Fig. 4D) . Due to the small size and variable location of the thymic lobes in the transgenic animals, it proved impossible to analyse the surface phenotype of T cells directly. Nevertheless, these results indicate that when formed, the ectopic thymic lobes in these transgenics are functional in thymopoiesis.
The thyroid gland, which derives from the thyroid diverticulum, was also reduced in size to different extents in all embryos. However, in every embryo some thyroid tissue could still be detected (e.g. Fig. 4A ). Moreover, we could detect a structure resembling the parathyroid only in one of the embryos with a rudimentary ectopic thymus, also ectopically located at the dorso-medial pole of the thymic lobe (Fig. 4B) . We could not detect any parathyroid tissue in the rest of the transgenic embryos analysed, although, given the affected general morphology of the area, we cannot rule out that small islands of parathyroid tissue escaped detection by standard histological methods.
Altogether, the above results indicate that BMP-dependent neural crest cells are also required for aortic arch and pharyngeal development. As BMP signals are also involved in the production of crest cells contributing to the skeletogenic and neurogenic lineages (Kanzler et al., 2000) , it is likely that the role of BMPs during early phases of neural crest development is related to some general mechanism in the production of migratory crest cells and BMPs do not play a major role in the establisment of specific crest lineages.
Gene expression in pharyngeal pouches of B2-NC::noggin transgenics
Recent fate mapping experiments in the mouse revealed a strong contribution of rhomboencephalic neural crest cells to aortic arch-derived structures (Jiang et al., 2000) , also confirming earlier results from the avian system (Le Douarin and Kalcheim, 1999) . Such a strong contribution explains the phenotypic consequences of neural crest deficits on aortic arch development. Consistently, morphological analysis of B2-NC::noggin transgenics revealed agenesis or hypomorphisms in the embryonic aortic arches, which varied among embryos ( Fig. 5 and not shown) . However, the same fate mapping experiments revealed a surprisingly low neural crest contribution to pharyngeal arch-derived glands (Jiang et al., 2000) . In the thymus, only a few scattered neural crest-derived cells could be detected in the capsule. This would suggest that the strong thymic phenotypes we observed in B2-NC::noggin transgenic embryos do not result from the depletion of thymusforming cells, which are mostly of endodermal origin (Le Douarin et al., 1984) , but rather arise by an indirect mechanism.
As for the cardiac outflow tract, it is not likely that the observed glandular phenotypes result from interference with BMP signalling locally in the branchial area, as we could not detect Xnoggin expression in this area of B2-NC::noggin transgenic embryos already displaying clear phenotypes. Therefore, while we cannot rule out a role for BMP molecules locally during development of the pharyngeal glands, it is clear that the phenotypes observed in the B2-NC::noggin transgenics resulted from the absence of neural crest cells and not from interference with local BMP signals.
Neural crest cells could, in the pouch, induce endoderm genes required for glandular development. To test this possibility, we performed expression analysis of genes known to be required for the development of pharyngeal glands. The strong deformations in the branchial area found in most of the affected transgenic embryos complicated these studies. Despite this, it was clear that the expression of several genes required for thymic development was mostly unaffected (Figs. 5 and 6 ). For instance, Tbx1 (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001) , Pax9 (Peters et al., 1998) and Hoxa3 (Manley and Capecchi, 1995) were still expressed in the pouch endoderm. Hoxa3 endodermal expression persisted in the absence of detectable Hoxa3 expression in the neural crest, the latter likely due to interference with neural crest migration and also serving as an internal control for affected transgenics (Fig. 6G, H) . Thus, expression of these pharyngeal markers in the endoderm is evidently not dependent on the presence of neural crest. This finding is in agreement with recent reports showing maintenance of endodermal expression patterns in more rostral pharyngeal areas in the absence of migratory neural crest (Veitch et al., 1999; Gavalas et al., 2001 ). This unaffected gene expression is also consistent with our finding that these ectopic lobes are functional in thymopoiesis (Fig. 4D) , suggesting that expression of other genes required for formation of the thymus are also at functional levels. Surprisingly, Pax1 expression was reduced in the third pharyngeal pouch, as compared to control embryos (Fig.  6C, D) . This was quite area-specific, with expression in other regions of the same embryos, including the second pharyngeal pouch, being comparable to control embryos. Interestingly, in Hoxa3 mutant embryos Pax1 is also downregulated specifically in this area (Manley and Capecchi, 1995) . Since in B2-NC::noggin transgenic embryos Hoxa3 expression is affected in the neural crest but not in the endoderm, it seems possible that Pax1 expression in the endoderm is at least partially dependent on Hoxa3-expressing neural crest cells.
Reduced endodermal levels of Pax1 cannot explain the thymic phenotypes in B2-NC::noggin transgenics since in Pax1 null mutants only small reductions in thymus size were observed (Dietrich and Gruss, 1995) . Therefore, our expression analyses would suggest that altered gene expression in the pharyngeal endoderm is not the major cause of the strong thymic phenotypes resulting from neural crest cell depletion. Since in the most affected embryos the third and fourth pharyngeal pouches fail to form, it might seem plausible that athymia results just from the inability of the primordia to be physically formed, even when the patterning of the prospective thymic epithelium itself is not impaired. However, the existence of small ectopic thymic lobes in other B2-NC::noggin transgenics indicates that in some embryos primordia form, but develop ectopically. During normal development, thymic primordia migrate caudally, initially through the branchial arch mesenchyme, to reach their adult anatomical position. Reduction in the number of neural crest cells results in branchial arches that are considerably smaller than those of their littermates (Figs. 5 and 6 ). Therefore, it is possible that although the critical threshold level for formation of primordia is reached, the amount of mesenchyme is still not enough to provide a physical substrate to support migration of thymic primordia, which would then further develop in the pharyngeal area. Limiting amounts of mesenchyme could also play a role in the smaller size of those thymic lobes as mesenchymal factors have been shown to influence growth of thymic primordia at later developmental stages (Shinohara and Honjo, 1997) .
Downregulation of the Hox group 3 paralogue genes could also play a role in the absence of thymic primordium migration. Analysis of compound mutants for these genes indicated that they cooperate in the neural crest-derived mesenchyme to support migration of the pharyngeal glands (Manley and Capecchi, 1998) . Cells expressing these genes are absent or reduced in number in B2-NC::noggin transgenics, thus producing a situation that resembles locally that of the compound mutants. In this context, it would be important to determine whether the Hox group 3 genes are required for mesenchymal proliferation to maintain the appropriate numbers of cells that allow proper migration of pharyngeal organs.
We have recently shown that inactivation of Pax9 function abrogates the normal ventro-caudal migration of the thymus, but does not affect the initiation of thymopoiesis (Hetzer-Egger et al., 2002) . Given the normal expression of Pax9 in the pharyngeal endoderm (Figs. 5B and 6F) , and the structural differences between the ectopic thymi of Pax9 2/2 and of B2-NC::noggin transgenic embryos, it seems likely that the effect observed here is directly due to the absence of neural crest cell-derived mesenchyme.
In conclusion, similar to neural crest cells entering the skeletogenic and neurogenic lineages, both cardiac crest cells and those required for proper pharyngeal gland formation in mice also belong to the BMP-dependent pool.
BMP signalling and DiGeorge syndrome
The results presented in this manuscript, together with our previous analysis on neural crest skeletal derivatives (Kanzler et al., 2000) show that interference with BMP signalling in the premigratory neural crest produces phenotypes closely resembling the DiGeorge syndrome (Goldberg et al., 1993) . Haploinsufficiency in Tbx1 has been shown to be responsible for the malformations associated with this syndrome (Jerome and Papaioannou, 2001; Lindsay et al., 2001; Merscher et al., 2001 ) with incomplete penetrance and variable severity. To understand if Bmp2, one of the major BMP signals involved in neural crest development in the mouse (Kanzler et al., 2000) , could act as a modifier of the penetrance of Tbx1 heterozygous phenotypes, we crossed Bmp2 and Tbx1 heterozygote mice. From 11 (A,B) . In the transgenic embryo, the third (III) and fourth (IV) branchial arches are abnormally small and morphologically altered, and the second and third pharyngeal pouches (arrow) are malformed. The fourth aortic arch, which goes through the fourth branchial arch, is also absent in this specimen. Note that Pax9 is still expressed in the third pharyngeal pouch. I, first branchial arch; II, second branchial arch.
Tbx1
1/2 ; Bmp2 1/2 newborns analysed (in a mixed 129Sv/ C57BL/6 background) three presented malformations in the aortic arch-derived arterial tree, a frequency similar to that observed in their Tbx1 1/2 littermates (three out of 12). The pharyngeal glands looked unaffected in both groups of animals. Although the analysed sample is small, these results suggest that, at least in this genetic background, there is no genetic interaction between these two genes. Alternatively, it could indicate that, at least in mice, Bmp2 1/2 embryos secrete enough Bmp2 protein to maintain normal neural crest cell production. It will be interesting to determine whether levels of other factors downstream in the BMP signalling cascade can affect the penetrance of Tbx1 haploinsufficient phenotypes.
Experimental procedures
3.1. Transgenic embryos and mutant mice B2-NC::noggin transgenic embryos were produced and identified as described (Kanzler et al., 2000) . Mutant mice for the Bmp2 (Zhang and Bradley, 1996) and Tbx1 (Jerome and Papaioannou, 2001 ) genes have been previously described.
Analysis of embryos
For histological analysis, the embryos were fixed in Bouin's fixative, embedded in paraffin, sectioned to 10 mm and stained with haematoxylin and eosin. Immunohistochemistry for UEA-1 positive cells in thymic rudiments was performed as described (Burkly et al., 1995) and the sections counterstained with haematoxylin.
Whole mount in situ hybridisation was performed as described previously (Kanzler et al., 2000) , using Crabp1 (Stoner and Gudas, 1989 ) Tbx1 (Chapman et al., 1996) Pax1 (Dietrich and Gruss, 1995) Pax9 (Neidhardt et al., 2000) , Xnoggin (Smith and Harland, 1992) and Hoxa3 (a fulllength Hoxa3 probe derived from a thymus cDNA library, accession number Y11717; M. Hofmann and T. Boehm, unpublished data).
For sectioning of stained embryos they were embedded in gelatin/sucrose and sectioned to 20 mm with a vibratome.
